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(57) Abstract 



A dynamic threshold voltage IGFET such as a MOSFET is operable at voltages of 0.6 volt or less. The threshold voltage of the 
transistor is reduced to zero volt or less by interconnecting the gate contact (20) and the device body (14) in which the voltage controlled 
channel is located. Several efficient connections using through hole plating or polycrystallinc silicon gate extension are disclosed A higher 
power supply voltage can be used by interconnecting the gate and device body through a smaller MOSFET 
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DYNAMIC THRESHOLD VOLTAGE MOSFET 
5 FOR ULTRA-LOW VOLTAGE OPERATION 

BACKGROUND OF THE INVENTION 
This invention relates generally to insulated gate 
field effect transistors (IGFETs) such as MOSFET devices and 
0 integrated circuits, and more particularly the invention is 
directed to such devices and integrated circuits which can 
operate at an ultra-low voltage of 0,6 volt or less. 
During the past few years, demand for high 
performance and low power digital systems has grown very 
5 rapidly. Several factors have contributed to this fast 

growth. First, laptop and notebook computers, and personal 
communication systems have gained popularity. Consequently, 
portable applications that traditionally required a modest 
performance (such as wrist watches and calculators) are now 
D dominated by devices that demand a very high performance. The 
demand for portability of these new systems limits their 
weight and size, placing a severe constraint on their power 
dissipation. Second, speed, density and size of non-portable 
CMOS based systems have increased tremendously in recent 
> years. Thus, power consumption, which was not a concern in 
these systems, now is becoming a critical parameter. 

The main approach for reducing power has relied on 
power supply scaling. This is due to the fact that in CMOS 
digital circuits delivered power is proportional to the square 
) of power supply voltage. Since power supply reduction below 
three times the threshold voltage (3V^) will degrade circuit 
speed significantly, scaling of power supply should be 
accompanied by threshold voltage reduction. However, the 
lower limit for threshold voltage is set by the amount of off- 
state leakage current that can be tolerated (due to standby 
power consideration in static circuits, and avoidance of 
failure in dynamic circuits and memory arrays) , It is seen 
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that if regular MOSFETs are used, a lower bound for power 
supply voltage becomes inevitable • 

Silicon-on-insulator (SOI) technology offers much 
promise for ultra large scale integrated circuits using sub- 
5 micron gate technology- This technology employs a layer of 
semiconductor material overlying an insulation layer on a 
supporting bulk wafer. The structure can be formed by a 
number of well-known techniques, such as zone melting and 
recrystallization (ZMR) , separation by implanted oxygen 
10 (SIMOX) , and Bonded and Etchback (BESOI) . Typically, the 
structure comprises a film of monocrystalline silicon on a 
buried layer of silicon oxide in a monocrystalline silicon 
substrate. 

The bulk silicon material in which the channel of a 
15 MOSFET device is formed is typically grounded or connected to 
the source region of the device. However, in SOI MOSFETs the 
monocrystalline silicon film is often unbiased or floating- 
Heretofore, a SOI MOSFET has been operated as a lateral 
bipolar transistor by connecting the silicon film to the gate 
20 and exploiting the extra current produced by the device. 

However, this operation requires the body voltage to be larger 
than 0-6 volt. And since the current gain of the bipolar 
device is small, the extra drain (collector) current comes at 
the cost of excessive input (base) current, which contributes 
25 to standby current. This is contrary to a low-power 
operation. 

SUMMARY OF THE INVENTION 
In accordance with the invention, an IGFET such as a 

3 0 MOSFET formed in an SOI stmcture includes a gate to body 

connection to reduce turn-on voltage (V,.) and extend the lower 
bound of power supply voltage to an ultra-low level (i.e,, 
0.6 volt or less) . The body contact can be provided by metal 
through a contact window in a polys il icon gate to the 

35 underlying film. Alternatively, the polysilicon gate can 

contact the silicon film directly through a contact window in 
the gate insulation. Also, separate contacts can be provided 
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to the polysilicon gate, and to the body. These contacts can 
be shorted by the first-layer metal. 

In another embodiment of the invention, an external 
bias generation circuit is provided so that the low threshold 
5 device can operate above 0.6 volt supply voltage. In this 

embodiment, a small field effect transistor provides forward 
body bias for a larger transistor. The small transistor 
limits the forward body bias to only 0.6 volt regardless of 
power supply voltage, thus V^^^j will no longer be limited to 
10 0.6 volt. This embodiment is especially useful in circuits 
where large transistors are needed, such as in clock drivers 
and large buffers. The purpose of this connection is that the 
large transistor will have a much higher current drive than 
that of a regular transistor with the same size. 

The invention and objects and features thereof will 
be more readily apparent from the following description and 
appended claims when taken with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
1 is a schematic representation of an SOI 
MOSFET in accordance with the invention. 

FIGS. 2A and 2B are a top view and a side view in 
section of one embodiment of the invention. 

FIGS. 3A, 3B are a top view and a side view in 
25 section of another embodiment of the invention. 

FIGS. 4A, 4B are a top view and a side view in 
section of another embodiment of the invention. 

FIG. 5 is a top view of another embodiment of the 

invention. 

^° FIG. 6 is a side view in section of another 

embodiment of the invention. 

FIG. 7 is a schematic representation of the 
invention embodied in a conventional bulk device. 

FIG. 8 is a plot of threshold voltage of an SOI 
35 NMOSFET as a function of body-source forward bias. 

FIG. 9 is a plot of subthreshold characteristics of 
SOI NMOSFET and PMOSFET with body grounded and body tied to 
the gate. 
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FIG. 10 is a plot of inobility for a DTMOSFET and for 

a conventional MOSFET. 

FIG. 11 is a plot of drain current of an SOI NMOSFET 
operated as a DTMOSFET and as a conventional MOSFET. 

FIG. 12 is a plot of delay of a 101-stage ring 
oscillator with the PMOS and NMOS devices in the ring being 
DTMOS with Tqx = 10 nm, Leff « 0.3 fim, and V^.^ = 0.6V. 

FIG. 13 is a plot of DTMOS inverter DC transfer 
characteristics . 

FIG. 14 is a plot comparing floating and grounded 

body SOI MOSFETs. 

FIG. 15 is a schematic of an alternative embodiment 

of a DTMOS device. 

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

Dynamic threshold MOS (DTMOS) devices in accordance 
with the invention have been fabricated on Silicon-On 
Insulator (SOI) substrates. Mesa active islands (MESA) were 
created by plasma-etching a nitride/ oxide/silicon stack 
stopping at buried oxide. P+ polys il icon gate was used for 
PMOSFETs and N+ for NMOSFETs. Oxygen plasma "ashing" was done 
to the gate photoresist to achieve effective channel length 
down to 0.2/m- A four-terminal layout was used to provide 
separate source, drain, gate, and body contacts. In addition 
to the four-terminal layout, devices with local gate-to-body 
connections were also fabricated as illustrated in FIG. 1 and 
FIG. 2. 

In FIGS. 1 and 2, silicon substrate 10 has a buried 
oxide layer 12 formed therein with P- silicon film 14 on layer 
12. N+ source 16 and N+ drain 18 are formed in film 14 with a 
gate electrode 2 0 formed over gate insulation 2 2 and the 
channel region between source 16 and drain 18. Gate 20 and 
film 14 are interconnected by connection 24. For NMOS, this 
connection uses an oversized metal-to-P+ contact window 
aligned over a "hole" in the poly gate. The metal shorts the 
gate and the P+ region. This ensures that the body-to-gate 
connection does not come at the expense of a significantly 
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larger device area. A similar structure is used for PMOS 
device except that the P+ region is replaced by an N+ region. 

Other connection methods that rely on metal shorting 
the polysilicon gate to the body are illustrated in FIGS. 3, 
4, and 5. Like elements in FIGS. 1-7 have the same reference 
numerals. In the regions where polysilicon gate will be 
connected to the body, an oxide thicker than the gate oxide 
may be used to minimize the overlap capacitance. 
Specifically, in FIGS. 2-5, this region corresponds to the 
area where polysilicon is next to or over the P+ silicon film. 

It is not necessary to use metal for shorting the 
body to the gate, as a buried contact can be exploited, as 
illustrated in FIG. 6. After gate oxidation, a thin layer of 
polysilicon (approximately 20nm-30nm) is deposited. Next, a 
15 new mask is used to make a contact window by etching the 

polysilicon layer and the underlying oxide in the selected 
area. Subsequently, a thick layer of poly is deposited. This 
polysilicon layer will be shorted to the silicon film directly 
in the contact window. Obviously, the silicon region where 
the contact is made has to be doped P+ (as shown in FIG. 6), 
so that an ohmic contact to the body is formed. 

In the DTMOS in accordance with the invention, the 
floating body and the gate of the Silicon-On-Insulator (SOI) 
MOSFET are tied together. A large improvement over regular 
25 MOSFET can be achieved when gate and body voltages are kept 
below 0.6V. This also ensures that base current will stay 
negligible. The same idea can be used in bulk devices by 
connecting the well to the gate, illustrated in FIG. 7. 
However, particular advantage is realized in SOI, where base 
current and capacitances are appreciably reduced because of 
very small junction areas. The data presented here pertain 
only to the SOI devices. 

FIG. 8 illustrates the NMOS behavior, with a 
separate terminal sued to control the body voltage. The 
35 threshold voltage at zero body bias is denoted by V^o. Body 

bias effect is normally considered in the reverse bias regime, 
where threshold voltage increases as body-to-source reverse 
bias is made larger. DTMOS is operated in the exact opposite 
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regime. Namely, we "forward bias" the body-source junction 
(at less than 0.6V), forcing the threshold voltage to drop- 

Specifically, this forward bias effect is achieved 
by connecting the gate to the body. This is shown as the 
Vgs = Vt,s line in FIG- 8- In FIG. 8, Technology-A has 
= lOnm, Na 2.0 X 10^'^cm"^, and for Technology-B 
= 6-4nm and Na = 2.3 x 10^"^ cm'^. A hypothetical case with 
Na = 6 X 10^'^ cm'-^ and V^^ = -1-25V is shown as the dashed line- 
The intersect of the curve and the Vgg = line determines 

the point where gate and threshold voltages become identical- 
This point, which is marked as V^f, is the DTMOS threshold 
voltage. This lower threshold voltage does not come at the 
expense of higher off-state leakage current, because at 
Vj^g = Vgs = 0, DTMOS and a conventional device have the same 
V^. In fact, they are identical in all respects and 
consequently have the same leakage. This is clearly seen in 
FIG. 9. Reduced V^f compared to V^.^ is attained through a 
theoretically ideal subthreshold swing of 60mV/dec- FIG. 9 
demonstrates this for PMOS and NMOS devices operated in DTMOS 
mode and in regular mode. Subthreshold swing is 80mV/dec in 
the regular devices. The ideal 60mV/dec swing in DTMOS is 
achieved due to the fact that gate (body) voltage is directly 
applied to the body, rather than being capacitively coupled. 

This is not the only improvement. As the gate of 
DTMOS is raised above V^.^, threshold voltage drops further. 
The threshold voltage reduction continues until Vgg = V^^ 
reaches 2^, and threshold voltage reaches its minimum value 
of V^. ^ 2*t) + Vftj. For example, for technology-B in 
FIG. 8, at Vgg = Vtjg = 0.6V, Vj. ^ 0.18V compared to V^-^ = 0.4V. 
We have included models fitting the experimental data in 
FIG. 8. To obtain the sharpest curve (and hence the maximum 
V^. reduction) , the highest acceptable channel doping should be 
used. V^f then can be adjusted to the desired value by a gate 
material that gives large and negative flat band voltage. A 
hypothetical case demonstrating this concept is shown in 
FIG. 8, with doping = 6 x 10^*^ cm'^ and V^^^ = 1.25V. Materials 
with work functions in the range of 3.4eV - 3.8eV such as 
magnesium will be suitable for the gate. A gate material with 
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a small work function should be used with NMOSFETs and gate 
material with a large work function should be used for 
PMOSFETs . 

In DTMOS operation, the upper bound for applied 
^gs = Vjjs is set by the amount of base current that can be 
tolerated. This is illustrated in FIG, 9, where PMOS and NMOS 
device body (base) currents are shown. At Vgg = 0.6V, base 
currents for both PMOS and NMOS devices are less than 2nA//un. 
A further advantage of DTMOS is that its carrier mobility is 
higher because the depletion charge is reduced and the 
effective normal field in the channel is lowered. This is 
illustrated in FIG. 10. 

Current drives of DTMOS and regular MOSFET are 
compared in FIG. 11, for technology-B of FIG. 8. DTMOS drain 
current is 2.5 times that of the regular device at V^g = 0.6V, 
and 5.5 times that of the regular device at Vgg = 0.3V. 

To further illustrate the suitability of DTMOS for 
ultra low voltage operation, 101-stage ring oscillators were 
fabricated using technology-A. FIG. 12 plots the delay of 
each stage versus power supply. We emphasize that since the 
threshold voltage of devices used in the ring oscillator were 
high (technology A) , the optimum performance was not achieved. 
For technology-B, ring oscillators are not available. if the 
devices based on technology-B are used, the expected delay for 
25 the unloaded ring oscillator can be calculated by the 
following equation: 



15 



20 



This is shown as solid squares in FIG. 12, where C = 200fF is 
used for = 5^m and Wp = lO/m. This value for c was 
obtained by fitting the equation to the measured t^^ of 
30 technology-A. The inverter DC transfer characteristics for 

technology-B is shown in FIG. 13. If we adopt the criteria of 
noise margin being at least 0.2V^^, and inverter gain being at 
least 4, this inverter will stay operational down to 
V^d = 0.2V. 
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The invention relies on providing the body bias 
externally, i.e., using the gate voltage to forward bias the 
body. It is possible to use a self generation scheme to 
forward bias the body. When the device is ON, as the drain 
voltage is increased, the impact ionization current can 
forward bias the source-body junction. More specifically, the 
minority carriers generated by impact ionization accumulate at 
the back interface and form a equi-potential plane. 
Equilibrium is obtained when the number of carriers entering 
the body equals to that leaving the body via the forward- 
biased source/body diode. This will lead to a significantly 
reduced subthreshold swing, and lower threshold voltage. 
Thus, current drive of the device will be enhanced when 
Vgg = V^^ and V^g = V^^. The threshold voltage reduction will 
not occur when the device is OFF, i.e., Vgg = 0, because drain 
current will be small and impact ionization current will be 
negligible. FIG. 14 illustrates the self-generation of 
forward bias in a SOI MOSFET. This device has a four-terminal 
layout, with a separate body contact. We have compared the 
floating body against the grounded body configuration. As 
seen, in the floating body case, subthreshold swing is reduced 
and higher current drive is achieved. A similar idea can be 
exploited in a bulk device if the well is left floating. 

When the device body is tied directly to the gate, 
power supply voltage will be limited to about 0.6V or less. 
To remove this limitation, an external bias generation circuit 
as illustrated in Fig. 15 includes a small transistor 3 0 to 
provide the forward body bias for a large transistor 32. The 
small transistor limits the forward body bias to only 0.6V 
regardless of power supply voltage, thus V^^ will no longer be 
limited to 0.6V. The small transistor can be depletion-mode 
type or enhancement-mode type, with an appropriate gate 
voltage. This gate voltage can in fact be designed to be 
zero, so no extra power supply might be needed. The above 
scheme works particularly well for circuits where large 
transistors are needed, such as in clock drivers and large 
buffers. The small transistor adds negligible overhead, but 
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provides significant current drive improvement for the large 
MOSFET. 

There has been described several embodiments of a 
VTMOS device in accordance with the invention. While the 
5 invention has been described with reference to the several 

embodiments, the description is illustrative of the invention 
and is not to be construed as limiting the invention. Various 
modifications and applications might occur to those skilled in 
the art without departing from the true spirit and scope of 
10 the invention as defined by the appended claims. 
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WHAT IS CLAIMED IS : 

1. For use in an integrated circuit operable at a 
power supply voltage 0*6 volt or less, a dynamic threshold 
insulated gate field effect transistor comprising 

a semiconductor body region of a first conductivity 
type and having a surface, 

a source region and a drain region of a second 
conductivity type formed in said semiconductor body region and 
abutting said surface, said source region and said drain 
region being spaced apart with a channel region therebetween, 

an insulative layer on said surface over said 

channel region , 

a gate contact on said insulative layer and over 
said channel region, and 

a connector interconnecting said gate contact and 
said semiconductor body region. 

2. The transistor as defined by claim 1 wherein 
said semiconductor body region comprises a doped well of said 
first conductivity type formed in a semiconductor substrate of 
opposite conductivity type. 

3 . The transistor as defined by claim 2 wherein 
said semiconductor substrate comprises monocrystalline 
silicon. 

4. The transistor as defined by claim 1 wherein 
said semiconductor body region comprises a silicon film in a 
silicon on insulator (SOI) structure, 

5. The transistor as defined by claim 4 wherein 
said connector comprises a metal connecting said gate contact 
to said silicon film through a hole in said gate contact and 
said insulative layer. 



I 



11 

1 6. The transistor as defined by claim 4 wherein 

2 said connector comprises a metal overlapping said gate contact 

3 and an exposed portion of said silicon film extending beyond 

4 an edge of said gate contact, 

1 7, The transistor as defined by claim 4 wherein 

2 said gate contact comprises doped polycrystalline silicon and 

3 said connector comprises an extension of said doped 

4 polycrystalline silicon contacting said silicon film. 

1 8. The transistor as defined by claim 4 wherein 

2 said transistor is an NMOSFET and said gate contact comprises 

3 a metal having a small work function. 

1 9. The transistor as defined by claim 4 wherein 

2 said transistor is a PMOSFET and said gate contact comprises a 

3 metal having a large work function. 

1 10. The transistor as defined by claim 1 wherein 

2 said transistor is an NMOSFET and said gate contact comprises 

3 a metal having a small work function. 

1 11. The transistor as defined by claim l wherein 

2 said transistor is a PMOSFET and said gate contact comprises a 

3 metal having a large work function. 

1 12. The transistor as defined by claim 1 wherein 

2 said insulated gate field effect transistor comprises a 

3 MOSFET. 
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1 13. A dynamic threshold insulated gate field effect 

2 device comprising 

3 a first transistor having a source, a drain ^ a 

4 channel region between said source and said drain, and a gate 

5 contact overlying said channel region, 

6 a second transistor having a source, a drain, a 

7 channel region between said source and said drain, and a gate 

8 contact overlying said channel region, 

9 means interconnecting said drain of said second 

10 transistor to said gate of said first transistor, 

11 means interconnecting said source of said second 

12 transistor to said body region of said first transistor, and 

13 means for biasing said gate contact of said second 

14 transistor with an appropriate gate voltage. 

1 14. The device as defined by claim 13 wherein said 

2 first transistor is larger than said second transistor. 
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